/calmodulin (CAM) signaling acand extinction are well established behaviorally, little tivity in the pathway of the conditioned stimulus (CS). is known about them at the circuit or molecular level.
This rise in cAMP is thought to activate protein kinase In Drosophila, odorant memories lasting up to 3 hr can A (PKA) and leads to a release of its regulatory subunits be localized to mushroom body Kenyon cells, a single (and eventually their degradation). The catalytic subunit neuronal level in the olfactory pathway. The plasticity of PKA can then phosphorylate various targets such as underlying this memory trace can be induced without ion channels and synaptic vesicle release machinery.
Kenyon cell synaptic output. Experimental extinction,
This protein phosphorylation is thought to mediate the i.e., presentation of the conditioned stimulus without short-term molecular changes underlying both synaptic the reinforcer, reduces memory performance and plasticity and memory formation. does so at the same circuit level as memory formation.
In Drosophila, the cAMP signaling cascade has been Thus, unreinforced presentation of learned odorants shown to be important for synaptic plasticity and memantagonizes intracellularly the signaling cascade unory formation using mutations or transgenic manipuladerlying memory formation. tion all along the cAMP pathway: the G protein ␣ subunit, the type 1 AC, a cAMP-phosphodiesterase, PKA, and a Introduction potassium channel (as a putative substrate for PKA) ( ing that our knowledge of the molecular machinery unviewed in Bouton et al., 1999) . While memory loss inherderlying synaptic plasticity is incomplete. ent to the system (as above) is intensely studied For olfactory short-term memory formation, the cAMP behaviorally, little is known of the underlying molecular cascade is needed in a specific part of the olfactory or cellular mechanisms. We investigate here extinction pathway. Earlier experiments already indicated that the of a memory trace in a differential olfactory conditioning MBs are necessary for olfactory memory formation paradigm of the fly Drosophila melanogaster.
(Connolly et al., 1996; de Belle and Heisenberg, 1994; Olfactory processing in insects follows a well-charac- Heisenberg et al., 1985) . In addition, providing the wildterized anatomical pathway. Odorant stimuli are retype Rut-AC exclusively in the Kenyon cells of mutant ceived on the antennae and maxillary palps by receptor rutabaga (rut) flies restored to normal their short-term neurons projecting to the antennal lobes (Stocker, 1994;  olfactory memory defect (Zars et al., 2000a Indeed, rut-independent memory has decayed from Flies expressing the shi ts1 transgene in the MBs had a significant reduction in 3 min memory performance about 30% of the wild-type level at 3 min to 20% at 30 min, and to about zero by 3 hr after training. The when the flies were tested at the restrictive temperature compared to genetic control flies and to the same genoexperiment shows that no further rut-dependent synaptic plasticity outside the MBs is involved in the consolitypes under permissive conditions ( Figure 3C ). The 247 and c772 heterozygous flies were not tested at the perdation of the memory trace during the first 3 hr after training. If one assumes any synaptic plasticity to be missive temperature as they already showed wild-type like scores with the shi ts1 transgene at the permissive rut-dependent at this time, one must conclude that 3 hr olfactory memory is still localized in the Kenyon cells.
temperature. Thirty minute memory scores were largely unaltered at the permissive temperature in flies with MB However, since rut-independent memory may exist, we consider the possibility that other as yet unknown expression of shi ts1 and their controls ( Figure 3D ). When trained at the restrictive temperature but tested for molecular mechanisms of synaptic plasticity might be involved. This opens the possibility of spreading or memory at the permissive temperature, performance was still normal ( Figure 3E ). However, if the MB shi . Unfortunately, expression of shi ts1 with the 247 driver line altered memory performance at the memory does not likely leave the Kenyon cells.
Using the same effector gene, UAS-shi ts1 (Kitamoto, "permissive" temperature in a time-dependent manner (data not shown), precluding it from 3 hr memory experi-2001), we had independently initiated more systematic experiments with the two MB lines c772 and 247. As a ments. This trend is seen in Figures 3D and 3E as a slight but significant memory decrement already at 30 first step, we determined the effector genes dosage and temperature regime needed to block 3 min memory min. Nevertheless, when c772 shi2 flies were trained at the permissive temperature and tested after 3 hr having performance. We assume that the primary effect of UASshi ts1 on neuronal function is a block in synaptic transbeen shifted to the restrictive temperature only 15 min earlier, they showed no memory, in contrast to all the mission (either directly or via a change in vesicle endocytosis) as this mutations effect is seen in the range of genetic and temperature controls ( Figure 3G ). We conclude that up to 3 hr after training, the memory trace seconds ( Rut-AC either is required exclusively in the set of ‫008ف‬ Kenyon cells in which the memory trace is located or the tools developed to localize the olfactory memory trace, we attempted to determine at what circuit level it is not required at all. Interestingly, even the small remaining rut mutant memory could be extinguished. extinction of this memory occurred. We tested 30 min memory after five exposures to the formerly US-associThis finding strongly favors the latter hypothesis. Alternatively, one would have to argue that the rut allele used ated odorant (CSϩ) without reinforcement right after training. Since our olfactory learning paradigm used difhere affects only memory formation but not extinction. We do not pursue this unlikely possibility. ferential conditioning, that is exposure to both a punished (CSϩ) and unpunished odorant (CSϪ), we extinIf extinction involves an as yet unidentified rut-independent mechanism of synaptic plasticity, the experiguished memory by re-exposing half the flies to the CSϩ and the other half as a control to the CSϪ, ruling out ment of Figure 4A does not give a clue as to its location in the brain. To restrict the possible brain regions in possible adaptation effects of odorant exposure. In wildtype flies, re-exposure to the CSϩ induced a 40% reducwhich it might occur, we again took advantage of the shi ts1 transgene. Flies expressing shi ts1 in the MBs with tion in performance compared to flies exposed to the CSϪ ( Figure 4A ). There was no decrement in perforlines 247 and c772 were trained and exposed to extinguishing stimuli at the restrictive temperature and then mance in flies exposed to the CSϪ compared to flies not re-exposed to odorants (compare wild-type flies in tested at the permissive temperature. Flies without synaptic transmission from the Kenyon cells showed obvi- Figure 2 and Figure 4A ). This was not unexpected as the contingency "no punishment/CSϪ" did not change. ous extinction of their olfactory memories ( Figure 4B ). Thus, extinction occurs independently of the output in It is in agreement with the model to be proposed below.
As the rut mutation has thus far proven to be necesthe Kenyon cells carrying the memory trace. In contrast, when olfactory information was blocked at the input sary for every learning paradigm in which it was tested and extinction is thought to be a re-learning process, level to the MBs using the GAL4 line GH146 (Heimbeck et al., 2001) during the extinction procedure, flies we examined whether rut-dependent synaptic plasticity outside the MBs was required for extinction. MB-resshowed no evidence of extinction ( Figure 5 ). The c772/ shi2 flies with the same protocol and GH146/shi2 flies at cued rut mutant flies showed extinction and extinction the permissive temperature throughout the experiment reactivity. Experimental genotypes and conditions under which memory scores were normal were assumed showed obvious memory extinction. These results are in line with the idea that the molecular machinery of to not negatively influence shock or odorant perception. Table 1 shows that wild-type and rut mutant flies were extinction resides within the same set of Kenyon cells as the olfactory memory trace. not significantly different in responding to either cue used in these assays. Also, flies expressing shi ts1 in the Two points potentially complicate this interpretation. First, the GH146 GAL4 line labels neurons innervating MBs or projection neurons at the restrictive temperature were not significantly different from wild-type controls both the Kenyon cells and the lateral horn. It remains a possibility that some unknown circuit could carry odorin detecting odorants used here. Controls for electric shock avoidance showed that the shi1 and shi2 heteroant information that might modulate the memory trace within the Kenyon cells or their output. Second, there zygous flies were significantly lower than wild-type flies. However, since these flies showed normal memory forcould be a change in synaptic strength of a second set of Kenyon cells within the ‫008ف‬ that are labeled in the mation (Figure 3) , this is not behaviorally significant with respect to learning. Thus, the changes in olfactory mem-MB GAL4 lines used here during the extinction exposures. To invoke this mechanism, one would have to ories measured here were not due to changes in either of the cogent sensory modalities. imagine how this second set of cells was not recruited in the first place such that the plasticity underlying memory formation could be initially induced; and, how the effects Neither the rescue of the rutabaga olfactory learning phenotype nor the blocking of Kenyon cell or projection neuron synaptic output causes behaviorally significant changes in electroshock or olfactory sensitivity. Wild-type Canton S (CS), rutabaga (rut) mutant, and flies with blocked Kenyon cell or projection neuron synaptic transmission (at the restrictive temperature*) were tested for responses to both the electroshock (except GH146) and the odorants used in the learning experiments. There were no significant differences between wild-type CS flies and rut mutant flies in either assay (p's Ͼ 0.05). The flies with blocked Kenyon cell or projection neuron synaptic transmission were not different from wild-type CS flies at the elevated temperature in odorant avoidance. There was a significant difference between CS flies and UAS-shi1 and UAS-shi2 flies in electric shock avoidance (p's Ͻ 0.05) but comparing these flies, which learn normally (Fig 2) , to the rest of the memory-impaired genotypes' electric shock avoidance scores at the elevated temperature show no significant differences. Thus, these changes are not significant for the olfactory learning assay. Means of 6-8 experiments per genotype are shown plus or minus SEMs. cell is coincidentally stimulated by an odorant and a modulatory neuron signaling electric shock. The present results suggest that extinction and thus weakening of the synapses occurs if the odorant stimulus arrives withucts of PKA would then lead to enhanced synaptic transmission. We now propose that exposure to the CSϩ in out the coincident signal from the electric shock. Although not directly comparable, the PE1 MB extrinsic the absence of the reinforcer would lead to an increase in activity of some (yet unknown) antagonist that would cell of the honeybee has been shown to increase or decrease its firing rate when presented with CSϩ or be activated by depolarization in the absence of G protein signaling, possibly by an increase in intracellular CSϪ odorants (Mauelshagen, 1993) , supporting the contention that the output of the MB can be both up-and Ca 2ϩ concentration. This antagonist may act at the level of controlling cAMP levels, the activation state of the downregulated.
Because odorant memory extinction appears to be PKA catalytic subunit, or the phosphorylation state of PKA substrates (Figure 6 ). an intracellular process, we speculate on its molecular mechanism. The cAMP signaling cascade has been Data from other systems suggest two levels in the cAMP cascade that could mediate extinction in Droidentified as a molecular mechanism for the associative strengthening of synapses (Byrne and Kandel, 1996;  sophila Kenyon cells. Essentially, it depends on whether the level of cAMP or the activation of PKA is the limiting Lechner and Byrne, 1998) 
